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Editor: R. LudwigSunshine is as essential as temperature and precipitation for tree growth, but sunshine duration reconstructions
based on tree rings have not yet been conducted in China. In this study, we presented a 497-year sunshine dura-
tion reconstruction for the southeastern Tibetan Plateau using a width chronology of Abies forrestii from the cen-
tral Hengduan Mountains. The reconstruction accounted for 53.5% of the variance in the observed sunshine
during the period of 1961–2013 based on a stable and reliable linear regression. This reconstructed sunshine du-
ration contained six sunny periods (1630–1656, 1665–1697, 1731–1781, 1793–1836, 1862–1895 and
1910–1992) and seven cloudy periods (1522–1629, 1657–1664, 1698–1730, 1782–1792, 1837–1861,
1896–1909 and 1993–2008) at a low-frequency scale. There was an increasing trend from the 16th century to
the late 18th and early 19th centuries and a decreasing trend from themid-19th to the early 21st centuries. Sun-
shine displayed inverse patterns to the local Palmer drought severity index on a multidecadal scale, indicating
that this region likely experienced droughts under more sunshine conditions. The decrease in sunshine particu-
larly in recent decades was mainly due to increasing atmospheric anthropogenic aerosols. In terms of the inter-





Volcanic eruptionLoess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi'an 710061, China.
708 C. Sun et al. / Science of the Total Environment 628–629 (2018) 707–714signiﬁcant cycles of the 2- to 7-year, 20.0-year and 35.2-year durations aswell as the 60.2-year and 78.7-year du-
rations related to the El-Niño Southern Oscillation, the Paciﬁc Decadal Oscillation and the Atlantic Multidecadal
Oscillation suggested that the variation in sunshine duration in the southeastern Tibetan Plateauwas possibly af-
fected by large-scale ocean-atmosphere circulations.
© 2018 Elsevier B.V. All rights reserved.1. Introduction
Tree rings, as a high-resolution climate proxy, have been widely
employed in reconstructing past millennial and centennial climate
changes and research areas ranged from single sites to regions to hemi-
spheres and thewhole globe (Esper et al., 2002;Mann et al., 2008; Popa
and Kern, 2009; Pumijumnong and Eckstein, 2011; Grifﬁn et al., 2013;
Linderholm et al., 2015; Wilson et al., 2016). In China,
dendroclimatology also has resulted in many important achievements
through several decades of development, especially in recent years
(Yang et al., 2014; Zhang et al., 2015; Liang et al., 2016; Liu et al.,
2017a). Although studies of climate reconstructions have been con-
ducted throughout the country (Zhang, 2015), the majority of these
studies focus on precipitation, temperature, runoff and drought indexes
(Shao et al., 2005; Liu et al., 2009, 2015, 2017b; Bao et al., 2012, 2015;
Zhang et al., 2014; Chen et al., 2016). Based on our knowledge, no stud-
ies on sunshine reconstruction been conducted in China. Sunshine plays
an equally important role as precipitation and temperature on tree grow
in terms of photosynthesis and respiration. In addition, sunshine is
tightly associated with moisture stress in trees. Therefore, the width of
annual tree rings is under direct and indirect effects of sunshine dura-
tion (Poljansek et al., 2013). Under a suitable sunshine environment,
the net photosynthetic rate of trees is relatively fast, and nutrient accu-
mulation is greater; thus it is easier for trees to formwider rings. If sun-
shine is beyond the adaptive range of trees, either toomuch or too little,
sunshine is not beneﬁcial to carbohydrate synthesis and tree growth,
and then, this can lead to narrower rings. Thus, tree rings can record
past sunshine changes to some extent (Fritts, 1976). The ﬁrst recon-
structed sunshine duration was conducted for the central United State
of America based on tree-ring width chronologies of bald cypress and
post oak (Stahle et al., 1991). Using the tree-ring width of black pine,
Poljansek et al. (2013) reconstructed summer sunshine for the period
1660–2010 for the western part of the Balkan Peninsula. In addition to
tree-ring width, a stable carbon isotope was also utilized to perform a
sunshine reconstruction (Gagen et al., 2011; Loader et al., 2013;
Hafner et al., 2014). For example, Loader et al. (2013) provided a
millennial-length reconstruction of summer sunshine for northern
Sweden and indicated that the Arctic Oscillation could inﬂuence sun-
shine through cloud cover. However, these sunshine studies were
from Europe and America, so it is necessary to ﬁll the vacancy in sun-
shine reconstructions in China.
In addition, sunshine as the most direct indication of the perfor-
mance of solar radiation is one of the important factors in climate for-
mation (Yu et al., 2011). Sunshine is also a major driving element
inﬂuencing the ecosystems of the earth and human activities; therefore,
sunshine is being givenmore attention in climate change studies (Yang
et al., 2012). However, studies related to sunshine in China have been
based on meteorological data (Kaiser and Qian, 2002; Zheng et al.,
2008; Yang et al., 2009; Xia, 2010; Li et al., 2011), and the instrumental
record of sunshine is too short to fully understand the characteristics of
sunshine and its potential driving factors.
Due to the many virgin forests and old trees in themiddle section of
the Hengduan Mountains, southeastern Tibetan Plateau, some past cli-
mate reconstructions have been conducted in these regions (Fan et al.,
2008; Liang et al., 2009; Zhu et al., 2011; Shi et al., 2015). Abies forrestii
as one dominant species of Hengduan Mountains has a wide altitude
distribution, and its tree rings contain climate signals, such asprecipitation and drought (Fang et al., 2010; Gou et al., 2013; Li et al.,
2017). Studies have indicated that precipitation inﬂuences changes in
sunshine, and droughts can be affected by sunshine through evapo-
transpiration (Thomas, 2000; Du et al., 2007; Yu et al., 2011; Yang
et al., 2012). Therefore, while Abies forrestii can be used to reconstruct
precipitation and drought, it likely contains sunshine signals as well.
In this paper, we ﬁrst utilized the tree-ring width of Abies forrestii to
identify climate responses, and then, we reconstructed past sunshine
for the southeastern Tibetan Plateau and ﬁnally discussed the effect of
volcanic eruptions on sunshine.2. Data and methods
2.1. The study area
The tree-ring sites are in Xiangcheng County of Sichuan Province in
the HengduanMountains, southeastern Tibetan Plateau (Fig. 1). The cli-
mate is continental monsoon plateau, and a subtropical high pressure
controls the regional climate change. Precipitation is mainly driven by
the southwest monsoon, East Asian monsoon and plateau monsoon
(Zhao and Chen, 1999).
According to the nearest meteorological station, Daocheng (approx-
imately 36 km east of the tree-ring sites), themean annual temperature
is 4.5 °C, the annual precipitation 640.6 mm, and the annual sunshine
duration is 2582.1 h (Fig. 2). High temperatures always occur in June–
September, and precipitation is also mainly concentrated in these
months, especially in July and August when 54.0% of the precipitation
occurs. However, sunshine during these four months is less, and sun-
shine in July and August only accounts for 10.1%. Because of the large
elevational range, the zones of mountainous area vegetation are clearly
divided, and the forested zones appear at approximately 2400–4000 m.
Themain conifers in this area are Abies, Tsuga and Picea (Zhao and Chen,
1999).2.2. Chronology and meteorology
Two groups of Abies forrestii tree-ring samples (Cook et al., 2010; Li
et al., 2017) from Xiangcheng, Sichuan were used in this study
(Table 1). Due to the close location of the two samples and their high en-
vironmental homogeneity, all the ring-width index series from the
same species were merged to develop one chronology. To eliminate
the non-climatic signals caused by the growth trend and other factors
that inﬂuencewidth chronologies, negative exponential or linear curves
of any slope were used to ﬁt the growth trend. The detrended index se-
ries were merged to form a biweight robust mean chronology, with its
variance stabilized by the Rbar weighted method (Osborn et al., 1997;
Frank et al., 2007). Finally, the “signal-free” approach was used to miti-
gate potential trend distortion problems in the traditional chronology
(Melvin and Briffa, 2008). The expressed population signal (EPS) can
be used to evaluate the reliability of the tree-ring chronology (Wigley
et al., 1984). In general, the greater the sample size is, the higher are
the EPS values. An EPS value above 0.85 is generally regarded as satisfac-
tory (Cook and Kairiukstis, 1990). In this research, an EPS value exceed-
ing 0.85 existed after 1523 CE and corresponded to ﬁve cores from four
trees. When the EPS decreased to 0.80, the chronology could extend to
517 CE with three cores from two trees.
Fig. 1.Map of the location of the tree-ring sites (green triangle), meteorological stations (black circle), the four cloud cover grid points (blue cross) and the two PDSI grid points (red cross)
used in this study.DCmeansDaocheng station, andXC is XiangchengCounty. (For interpretation of the references to colour in thisﬁgure legend, the reader is referred to theweb version of
this article.)
709C. Sun et al. / Science of the Total Environment 628–629 (2018) 707–714The meteorological data used in this study are mainly from
Daocheng station (29.05°N, 100.30°E, 3727.7 m, 1961–2013 CE) that
has the nearest distance to tree-ring sites. The climatic elements used
in this study are temperature, precipitation and sunshine duration.
From Fig. 2, we can see that in somemonthswhen there are higher tem-
peratures and more precipitation, the sunshine duration is shorter. The
data on sunshine duration from 18 stations within a 250-kilometer ra-
dius of the tree-ring sites were also used to conduct spatial representa-
tive analysis. Cloud cover data from the Climatic ResearchUnit (CRU) TS
3.24 (28.5–29.5°N, 99.5–100.5°E) covers the sites andDaocheng station,Fig. 2. Monthly mean temperature and total precipitation and sunshine duration at
Daocheng meteorological station (1961–2013).and the observedmonthly Palmer drought severity index (PDSI) data of
the two grids from theUniversity Corporation for Atmospheric Research
(UCAR) (28.75°N, 98.75°E and 28.75°N, 101.25°E) from 1961 to 2013
were also used. The two corresponding PDSI grid points in theMonsoon
Asia Drought Atlas (MADA), a comprehensive gridded spatial recon-
struction of Asian monsoon drought (Cook et al., 2010), were also uti-
lized in this research. When studying the relation between sunshine
and volcanic eruptions, the volcanic explosivity index (VEI) (Siebert
and Simkin, 2013) that accurately records volcanic eruptions was
employed. The VEI value for each volcanic event was obtained from
http://volcano.si.edu.
2.3. Statistical methods
In this study, Pearson's correlation analyses were used to identify
climate-growth relationships between the tree-ring width indices and
climate data during the observation period. Then, a simple linear regres-
sion model based on least squares was used for the sunshine recon-
struction. The split calibration-veriﬁcation procedure was used to
verify the reconstruction function (Cook et al., 1999). The statistical pa-
rameters that provided for the calibration period were the Pearson's
correlation coefﬁcient(r) and the coefﬁcient of determination (R2),
and the ﬁdelity of the calibrations during the veriﬁcation period was
assessed via Pearson's correlation coefﬁcient (r), the explained variance
(r2), the reduction of error (RE), the coefﬁcient of efﬁciency (CE) and the
sign test (ST). In general, the values of themost rigorous statistical anal-
yses (RE and CE) are both positive, indicating a good model ﬁt (Cook
et al., 1999).Table 1
The two tree-ring sites.
Site Location Elevation Time span
Maxiong valley 01 29.15°N, 99.93°E 3530 m 1509–2006 CE
Maxiong valley 02 29.15°N, 99.95°E 3600 m 1498–2013 CE
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1982) was used to detect the periodicities of the reconstructed sun-
shine. The ensemble empirical mode decomposition (EEMD) method
(Wu et al., 2009), an adaptive and temporally local time series analysis
method designed for analyzing non-linear and non-stationary climate
data, was used to decompose the reconstructed sunshine series.
3. Results and discussion
3.1. Climate-growth relationship
Tree growth is affected not only by the climate of the current year
but also the climate of the previous year (Fritts, 1976); therefore, corre-
lation analysis between tree-ring chronology and major climatic vari-
ables (precipitation and mean temperature as well as sunshine
duration) were performed from the previous June to the current Sep-
tember (Fig. 3). There were positive correlations between temperature
and chronology, and statistically signiﬁcant (p b 0.05) correlations
were found from the previous November to the current April and cur-
rent August. Positive correlations also occurred between precipitation
and chronology with signiﬁcant correlations (p b 0.05) at the previous
September–October and current May–June. However, the relation be-
tween sunshine and chronology was negative, and the correlation coef-
ﬁcients passed a signiﬁcant level (p b 0.05) in previous August–October
and current May–June and August.
The response of precipitation and temperature to tree growth was
similar to other studies in the southeastern Tibetan Plateau (Zhu et al.,
2011; Gou et al., 2013; Li et al., 2017). In general, tree-ringwidth should
be positively correlated with sunshine because sunshine mainly inﬂu-
ences tree growth through photosynthesis. Photosynthesis in the tree
canopy enhanceswith an increase in photosynthetically active radiation
(PAR). However, photosynthesis is greater when the whole crown of a
tree receives moderate PAR than when the upper canopy receives ex-
cessive PAR, and the lower canopy is in the shade (Farquhar and
Roderick, 2003). The canopy with strong sun illumination is often
light saturated and has low light-use efﬁciency (LUE) during sunny con-
ditions, while the fraction in the shade has a higher LUE but much less
PAR. In contrast, because the diffuse PAR coming from all directions of
the sky can penetrate deeper into the canopy during cloudy conditions,
it reduces the photosynthetic saturation and enhances the LUE of the
whole canopy (Cho et al., 2003; Kanniah et al., 2012). Therefore, sun-
shine likely has a negative inﬂuence on tree growth for some species
in some regions to a certain extent.
In addition, Abies forrestii is a shade-tolerant tree, so more sunshine
is not beneﬁcial to its growth. In addition, stronger sunshine could en-
hance transpiration and result in the loss of moisture. Stomata may
close with increasing sunshine, which intensiﬁes transpiration. Stoma-
tal closure reduces photosynthesis and the accumulation of nutrients
leading to narrower rings. Fritts (1976) found that the transpiration
from shaded trees within a forest is often affected by variations in
light, which affects stomatal opening and leaf resistance. Furthermore,
:
Fig. 3. Correlation between tree-ring chronology and climatic records during 1961–2013.the respiration of Abies forrestii is photorespirationwith physical deteri-
oration that is related to light. It was found that photorespiration in
trees had high rates of net carbon dioxide production under high light
levels during the day indicating high rates of respiration (Brown,
1968). This ﬁnding means that intense light accelerates respiration
and can result in narrower rings.
In summary, different species require different minimal light inten-
sities to carry out photosynthesis, and they have different tolerances
to light (Fritts, 1976). Intense solar radiation is related to reduced
growth, probably due to various internal and external factors, such as
increased leaf temperatures, higher respiration rates, consumption of
stored photosynthesis, and accelerated evaporation of soil moisture,
which may result in internal moisture stress and an overall reduction
in the rates of photosynthesis and radial growth (Fritts, 1976). Under
this situation, thewidth chronology of Abies forrestii has a negative rela-
tionwith sunshine duration as the best indication of the performance of
solar radiation (Fig. 3).
Generally, seasonal climate is more meaningful and stable than the
climate of a single month. After combining the monthly data on all as-
pects of the climate conditions, the months with the highest correla-
tions for the mean temperature were from the prior October to the
current April (r = 0.458, p b 0.01). The highest correlation coefﬁcient
for precipitation occurred from the previous September to the current
June (r=0.716, p b 0.01), and themost signiﬁcant correlation between
sunshine and chronology also appeared from the previous September to
the current June (r = –0.731, p b 0.01). In fact, the correlation for the
temperature of the ten months was also signiﬁcant (r = 0.349, p b
0.01). These results indicated that the climate of the previous Septem-
ber to the current June plays a more important role in tree growth. As
stated previously, rainfall in July and August accounted for 54.0% of
the annual precipitation; the high rainfall amounts could alleviate the
moisture limitation for the trees; thus, there was a weaker relationship
between the July–August rainfall and tree growth. The correlation coef-
ﬁcient between sunshine and chronology in August was –0.332 (p b
0.05), but the correlation between these two factors from the prior Sep-
tember to the current August (r= –0.666) was less signiﬁcant. This re-
sult was likely because sunshine in July and August only accounted for
10.1% of the annual sunshine. At the same time, the partial correlations
between the chronology and the previous September to the current
June sunshine duration (SD96) and the previous September to the cur-
rent June precipitation (P96) were calculated. The partial correlation be-
tween the chronology and SD96 when P96 was ﬁxed was more
signiﬁcant (r = –0.632) than that between the chronology and P96
when SD96 was ﬁxed (r = 0.608). Therefore, the width chronology of
Abies forrestii can be used to reconstruct SD96.
3.2. Transfer function and sunshine duration reconstruction
According to the abovementioned analyses, the mean SD96 was re-
constructed from the tree-ring width chronology using the following
linear regression model based on the least square method:
SD96 ¼ –19:017 Wt þ 249:634
n ¼ 52; r ¼ 0:731;R2 ¼ 53:5%;R2adj ¼ 52:5%; F ¼ 57:455;D=W ¼ 1:83

TheDurbin-Watson statistic (D/W, (Durbin andWatson, 1950))was
used to detect the presence of autocorrelation in the residuals (when n
= 52, a D/W value between 1.60 and 2.40 indicates that the recon-
structed equation is free from ﬁrst-order autocorrelations). From the
function, it was found that the tree ring could explain 53.5% of the var-
iations in sunshine duration.
The split calibration-veriﬁcation method was used to test the stabil-
ity and reliability of the transfer function (Cook et al., 1999). As shown
in Table 2, the correlation coefﬁcients between the observed and
Fig. 4. (a) Comparison of reconstructed and observed mean sunshine durations from the
prior September to the current June during the period 1962–2013 and (b) a comparison
of their ﬁrst-order differences.
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niﬁcant at the 99% conﬁdence level. The sign tests (ST) were signiﬁcant
at the 95% conﬁdence level formost periods. The reduction of error (RE)
and the coefﬁcient of efﬁciency (CE) values for all veriﬁcation periods
were positive, indicating that the regression model had reasonable pre-
dictive capacity (Cook et al., 1999).
A visual comparison also showed that the reconstruction tracked the
actual sunshine values well (Fig. 4a). After the ﬁrst-order difference,
there was still a signiﬁcant correlation (r = 0.587, p b 0.01) between
the two sequences (Fig. 4b), indicating that our reconstructed sequence
captured the changes characteristic of the observed sequence at both
high and low frequencies.
According to the length of the chronology, the monthly mean SD96
variations in the southeastern Tibetan Plateau for the period 1517 to
2013 were reconstructed using the above function (Fig. 5). During the
past 497 years, the mean of SD96 was 230.4 h, and the standard devia-
tion (σ) was 5.9 h. The multi-taper method spectral analysis showed
that the reconstructed sunshine contained 2.3- to 7.7-year interannual
cycles, 60.2-year and 78.7-year multidecadal cycles and 114-year cen-
tennial cycles at a 95% signiﬁcant level. The series also had 12.6-year,
20.0-year and 35.2-year interdecadal periods at a 90% level (Fig. 6).
3.3. Characteristics of sunshine during the past 497 years
To investigate historical sunshine variations, we deﬁned amore sun-
shine year as Nmean+ 1σ (236.3 h) and a less sunshine year as bmean
– 1σ (224.5 h) (Fig. 5a). The full reconstruction of the sunshine
displayed strong interannual variability from 1517 to 2013. During the
past 497 years, 83 more sunshine years and 78 less sunshine years oc-
curred in the reconstruction series, and they accounted for 16.7% and
15.7% of the total, respectively. In general, the long-lasting more or
less sunshine events have much stronger effects on the local ecological
environment and human activities. Then, we analyzed the multiyear
continuous more or less sunshine years for the past 497 years based
on the reconstruction. Longer sunshine events lasting over three years
were found in 1670–1672, 1683–1686, 1765–1767, 1798–1800,
1867–1870 and 1936–1938. At the same time, long-lasting shorter sun-
shine durations were found in 1536–1538, 1542–1544, 1561–1563,
1579–1581, 1940–1942 and 1998–2006. It was easily found that the
shorter sunshine durations mainly appeared in the 16th century and
the end of the 20th century and the longer sunshine durations were in
the 17–19th centuries.
To analyze the low-frequency variation of the reconstruction, an 11-
year running average was applied (Fig. 5a). After smoothing, the entire
reconstructed sunshine curve presented six sunny periods (1630–1656,
1665–1697, 1731–1781, 1793–1836, 1862–1895 and 1910–1992) with
sunshine lasting a longer duration than the mean (230.4 h), and seven
cloudy periods (1522–1629, 1657–1664, 1698–1730, 1782–1792,
1837–1861, 1896–1909 and 1993–2008) with sunshine lasting for a
shorter duration than the mean. The longest cloudy epoch of
1522–1629 fell within the broad period described as the Little Ice Age
(LIA). This result indicated that the short sunshine duration likelyTable 2
Statistics of the split calibration-veriﬁcation model for sunshine duration reconstruction.
Calibration Veriﬁcation
Period r R2 ST Period
1962–1993 0.599⁎⁎ 0.359 23⁎ 1994–2013
1982–2013 0.738⁎⁎ 0.545 27⁎⁎ 1962–1981
1962–2013 0.731⁎⁎ 0.535 42⁎⁎
r, correlation coefﬁcient; RE, reduction of error test; CE, coefﬁcient of efﬁciency; ST, sign test.
⁎ Signiﬁcant at the 95% level.
⁎⁎ Signiﬁcant at the 99% level.resulted in low temperatures during the LIA. The cloudiest epoch ap-
peared at the end of the 20th century and the beginning of the 21st cen-
tury, and this result was likely associated with the increasing
atmospheric anthropogenic aerosols that increased the aerosol extinc-
tion coefﬁcient and decreased solar radiation and sunshine duration
(Kaiser and Qian, 2002). It has been noted that, in China, increasing air
pollution from human activities produced a fog-like haze that reﬂected
and absorbed radiation from the sun, essentially reducing the amount of
solar radiation reaching the earth's surface (Qian et al., 2006). Further-
more, several other studies have also found that increases in aerosols
were the main driving force decreasing solar radiation and sunshine
hours in some regions of China (Che et al., 2005; Qian et al., 2007). In ad-
dition, running variance analyses (Liu et al., 2017c) indicated that the
variability in sunshine increased sharply and peaked after 1970
(Fig. 5b). This result might imply that the variation rule of sunshine in
this region was altered owing to increasing human activities.
To present the variations in sunshine at different time scales, the re-
constructed series was decomposed by using EEMD that could decom-
pose sunshine into several intrinsic mode functions (IMFs) and a
trend (Wu et al., 2009). From the results of the EEMD, we obtained
the components of the reconstructed sunshine over the past 497 years
(Fig. 7). The proportion of the total variance for each component was
also calculated, and the results showed that the interannual component
accounted for 39.6%, the interdecadal component accounted for 15.2%,
the multidecadal component accounted for 20.6%, the centennial com-
ponent accounted for 12.6%, and the long-term trendwas 12.0%. A dom-
inant feature of the recordwas shown in the trend change; therewas an
increase in sunshine from the 16th century to the late 18th and early
19th centuries. From the mid-19th century, a decrease appeared in the
early 21st century. From the mid-19th century, gradually increasing
human activities enhanced the emissions of aerosols leading to a reduc-
tion in solar radiation and sunshine. Some studies about decreasingr r2 RE CE ST
0.658⁎⁎ 0.433 0.709 0.306 15⁎
0.561⁎⁎ 0.314 0.576 0.208 13
Fig. 5. (a) The reconstructed monthly sunshine duration series from the prior September
to the current June during 1517–2013 CE (gray line), an 11-year moving average (black
line), the long-term mean (black horizontal line), and the mean value ±1σ (gray
horizontal lines); (b) 30-year (gray line) and 50-year (black line) running variance for
reconstructed sunshine; (c) the running EPS and Rbar and (d) sample size.
Fig. 7. IMFs of sunshine over the past 497 years based on the EEMD.
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thropogenic aerosols and other pollutants were the major factors for
“global dimming” (Stanhill and Cohen, 2001; Pinker et al., 2005).
3.4. Spatial representativeness and comparison with other reconstructions
The mean monthly sunshine at 18 stations within 250 km from the
tree-ring sites were deﬁned as the regional sunshine. The SD96 of
Daocheng not only had a signiﬁcant relation with the regional SD96 (r
= 0.652, p b 0.01) during 1962–2013 but also the reconstructed SD96
signiﬁcantly correlated with the regional SD96 (r = 0.474, p b 0.01).
This result could indicate that the reconstructed SD96 was representa-
tive of the sunshine variations for a large region in the southeastern Ti-
betan Plateau to a certain extent.
In some regions, sunshine had an important relation with precipita-
tion, which affected drought changes (Yang et al., 2009; Li et al., 2012b).
In this region, we found that the observed SD96 signiﬁcantly correlated
with P96 (r= –0.482, p b 0.01) and that SD96 also had a signiﬁcant rela-
tion (r= –0.454, p b 0.01, 1962–2013) with the PDSI of two grids from
UCAR (28.75°N, 98.75°E and 28.75°N, 101.25°E), which covered theFig. 6. Spectrumanalysis result of the reconstructed sunshine duration (The long and short
dashed lines indicate the 95% and 90% conﬁdence levels, respectively).tree-ring sites and Daocheng station. This result showed that there
was some relation between sunshine and drought in our study region.
Thomas (2000) found that annual sunshine appeared to be themost im-
portant variable contributing to changes in potential evapotranspiration
rates, which played an important role in drought changes.
According to the above analysis and on the basis of the lack of recon-
structed sunshine series, we conducted a comparison between our sun-
shine series and the reconstructed PDSI ofMADA (Cook et al., 2010). The
average of the two grids (28.75°N, 98.75°E and 28.75°N, 101.25°E) cov-
ering the sites and meteorological station was used. The correlation
analysis showed that they had a signiﬁcant relation (r = –0.511, p b
0.01, 1517–2005). Before conducting the comparison, the PDSI was
also decomposed using the EEMD. It was found that there was negative
phase relation for the sunshine series and the reconstructed PDSI at the
multidecadal scale (Fig. 8). During the periods with more sunshine, the
study region was likely to experience drought. This result could occur
because more sunshine often occurred at the same time as less precipi-
tation, and it also increased the evapotranspiration (Thomas, 2000).3.5. Relationships between sunshine and volcanic eruptions
The previously mentioned increasing atmospheric anthropogenic
aerosols were one of the many factors inﬂuencing sunshine changes.
Similarly, atmospheric aerosols resulting from volcanic eruptions also
affected sunshine variations. Pinker et al. (2005) attributed the possible
causes of global dimming to increasing anthropogenic aerosols and the
lowering of atmospheric transparency following explosive volcanic
eruptions. The volcanic veil from strong eruptions could inﬂuence cli-
mate change through atmospheric propagation of radiation (Kelly
et al., 1998).Fig. 8. Comparison between the reconstructed sunshine and the corresponding PDSI.
713C. Sun et al. / Science of the Total Environment 628–629 (2018) 707–714Large volcanic eruptions inject sulfur gases into the stratosphere,
which are converted to sulfate aerosols with an e-folding residence
timescale of several years (Robock, 2000). Therefore, the interannual se-
ries of the reconstructed sunshine (Fig. 7b) was used to study the rela-
tion between sunshine and volcanic eruptions. A weak sunshine year
was deﬁned as one yearwith sunshine less than themean–1σ of the in-
terannual series. To determine a major volcanic eruption, we employed
a historical/geological record based on the VEI equal or greater than
four. The comparison revealed that weak sunshine usually occurred
the year after or the year of a large volcanic eruption over the past
497 years (Fig. 9), especially since themid-18th century withmore vol-
canic eruptions relative to before (Siebert and Simkin, 2013). Therewas
no large volcanic eruption before or in 1871, which was the weakest
sunshine year, but ﬁve volcanos (VEI = 3) erupted in 1870. The years
with surprisingly low summer sunshine values in Bosnia and
Herzegovina also matched well with the years of major volcanic erup-
tions over the past four hundred years (Poljansek et al., 2013).
Strong volcanic eruptions could send volcanic ash into the strato-
sphere with volcanic aerosols spreading to the world within a few
months. The aerosols scattered some solar radiation and reﬂected
some back to space, and then, the aerosols reduced the solar radiation
reaching the ground and sunshine durations. It was found that volcanic
activity was an important factor inﬂuencing the total decrease in solar
radiation on the Tibetan Plateau during the past few decades, and sun-
shine change was affected by the solar radiation received on the surface
(Li et al., 2012a; Yang et al., 2012).
3.6. Other inﬂuencing factors
It was found that cloud cover was an important factor inﬂuencing
sunshine changes (Xia, 2010). The calculation results indicated the
SD96 of Daocheng signiﬁcantly correlated (r = –0.557, p b 0.01) with
the cloud cover of the region around the sites from the CRU
(28.5–29.5°N, 99.5–105.5°E). The negative correlation reﬂected the in-
ﬂuence of cloud cover on sunshine hours because it can be weakened
by increased cloudiness (Li et al., 2012b). Previously, we showed that
SD96 showed a statistically signiﬁcant negative correlation with precip-
itation. This corresponded to the fact that the frequent precipitation
events had important inﬂuence on sunshine (Li et al., 2012b). It is well
known that precipitation and cloud cover in this region are affected by
the Asian monsoon, which is connected with the El-Niño Southern Os-
cillation (ENSO), the Paciﬁc Decadal Oscillation (PDO) and the Atlantic
Multidecadal Oscillation (AMO) (Mohtadi et al., 2016). In addition, the
signiﬁcant cycles of the 2- to 7-year fall within the range of variability
of ENSO, the 20.0- and 35.2-year cycles are similar to the 20- to 30-
year cycles of PDO, and the 60.2- and 78.7-year cycles correlate to the
60- to 80-year cycles of AMO. These results might suggest the inﬂuence
of ENSO, PDO and AMO on sunshine changes in the southeastern Ti-
betan Plateau. Fang et al. (2010) found that drought in the southeastern
Tibetan Plateau was linked to sea surface temperature variations in theFig. 9. Relationship between the interannual variations in the reconstructed sunshine and
volcanic eruptions. The solid horizontal line represents the long-term mean of the
interannual sunshine for the period of 1517–2013; the dashed horizontal lines represent
the mean value ± 1σ. The solid cycles indicate a weak sunshine year following a
volcanic eruption event.northern Paciﬁc and Atlantic Oceans. Of course, the speciﬁc relation-
ships among them need further study and analysis.
4. Conclusions
The SD96 of the period 1517 to 2013was reconstructed for the south-
eastern Tibetan Plateau using ring width of Abies forrestii from the mid-
dle section of the Henduan Mountains. The reconstruction accounted
for 53.5% of the variance in the observed sunshine duration over the pe-
riod of 1961–2013, and the transfer function was veriﬁed as stable and
reliable. During the past 497 years, there were six sunny periods
(1630–1656, 1665–1697, 1731–1781, 1793–1836, 1862–1895 and
1910–1992) and seven cloudy periods (1522–1629, 1657–1664,
1698–1730, 1782–1792, 1837–1861, 1896–1909 and 1993–2008) at a
low frequency scale. An increasing trend appeared from the 16th cen-
tury to the late 18th and early 19th centuries, followed by a decreasing
trend in the early 21st century. It was found that the reconstructed sun-
shine durations compared well with the regional PDSI, and this region
likely experienced drought under longer sunshine conditions. Increas-
ing atmospheric anthropogenic aerosols played an important role in de-
creasing sunshine, especially for the past several decades. Weak
sunshine years of the reconstruction matched well with years of major
volcanic eruptions at interannual scale variations. Based on the signiﬁ-
cant cycles related to ENSO, PDO and AMO, sunshine variation in the
southeastern Tibetan Plateau was possibly affected by the large-scale
ocean-atmosphere circulation.
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